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Fiber separation from these animal feeds could increase the protein and hence 
increase the value of the animal feed. The objective of the study was to evaluate the 
combination of sieving and air classification for fiber separation from soybean meal 
(SBM), cottonseed meal (CSM) and wheat middlings (WM). The effect of yields of 
lighter fractions on fiber separation from size fractions was also investigated. At low 
yields of lighter fraction (5%), the quantity of fiber product separated was 3.7, 1.3 and 
4.8% by weight of SBM, CSM and WM respectively. At high yields of lighter fractions 
(15%), the quantity of fiber product separated was 8.9, 3.5 and 11% by weight of SBM, 
CSM and WM respectively. For CSM and SBM, the enhanced product contained 0.6 to 
2.0% higher protein content than unprocessed feed.  For WM, the enhanced product 
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 The purpose of this chapter is to give a brief introduction of the current study. 
Section 1.1 explains the background and significance of fiber separation in protein 
enrichment of animal feeds.  Section 1.2 contains the various methods used in fiber 
separation and Section 1.3 presents the objectives of this research.     
 
1.1 Background and significance 
The demand for protein rich plant feeds is rapidly increasing due to the increased 
concerns in using animal byproducts (meat and bone meal etc) for animal feeds.  The 
digestibility of plant protein is higher in animals compared to the animal derived feeds.  
Therefore, the use of protein rich plant feeds soybean meal and cottonseed meal increased 
over the years in North American poultry industry.  Poultry industry is the biggest user of 
soybean meal and in US it consumes approximately 54 percent of all meal produced in 
the country (1).  In the current scenario of increasing demand for protein rich feeds, there 
is a need to enhance the protein content among these feeds.  Soybean meal is a good 
source of plant protein (48 percent) with high energy and low fiber (1).  The advantage of 
using soybean meal as primary protein source is its consistency in composition with less 
variation among the meals obtained from different processing plants.  Cottonseed meal 
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comes next to soybean meal in terms of the consumption and availability of 41 percent of 
protein (2).  It can be used as animal feed alone or in combination of other feeds to 
complete the balanced ration.  Wheat middlings is another cattle feed with high levels of 
digestible fiber, low levels of starch and less digestive disturbances which makes it useful 
feed roughage (3).  
 
1.2 Methods used for fiber separation 
Srinivasan et al (2005) separated fiber from distillers dried grains with solubles 
(DDGS) by elusieve process, the combination of sieving and elutriation, to produce 
enhanced DDGS with high protein content (4).  This separation process resulted in fiber 
and enhanced feed with high protein, low fiber and high fat contents.  Elutriation is a 
separation process in which particles are separated by upward flowing stream of fluid.  
The stream of particles carried over is collected as “lighter” fraction (mainly fiber 
fraction).  Particles falling through the elutriation column and not carried over from 
elutriation form a stream and collected as “heavier” fraction (mainly non-fiber fraction).  
The product obtained by combining the heavier fractions is called enhanced feed and the 
product obtained by combining the lighter fractions is called fiber product.  
Particle separation is based on terminal velocity, shape, size and density of the 
particles subjected to air classification.  In this context, density refers to particle density 
which is the ratio of material mass to the volume of the particles.  Particle size is 
characterized by equivalent spherical diameter and shape by sphericity.  Sphericity of a 
particle is defined as the ratio of the surface area of a sphere with the same volume to the 
surface area of the particle.  The density of fiber is higher than the non-fiber particles (5).  
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However, fiber particles were flat shaped and non-fiber particles were nearly spherical.  
When air is blown through size fractions, fibers are preferentially carried away by air 
because fiber particles are lighter weight despite their high density because of low 
volume due to their flat shape.  Fibers are carried preferentially also because high drag 
force acts on fiber particles due to their flat shape.  Srinivasan et al (2005) sieved DDGS 
into various size fractions and showed that fiber separation is effective from size 
fractions.  
In industrial scale operations, aspirators are employed instead of elutriation 
column.  In an aspirator, air is sucked where as in an elutriation column air is blown from 
the bottom of the column in the upward direction.  In the current study aspirators are used 
for air classification of fiber from animal feeds.  Srinivasan et al (2008) sieved corn to 
different sizes and elutriated those individual size fractions to separate the fiber (6).  The 
fiber separation was 3.8 percent by weight of the total weight of corn flour.  NDF of corn 
flour, enhanced flour and fiber were 9.0, 5.7 and 61.5% respectively.  The high value of 
NDF in fiber indicates that fiber separation from flour got into suitable product.   
 
1.3 Objectives of the study 
1. To separate fiber from soybean meal (SBM), cottonseed meal (CSM) and wheat   
middlings (WM) at high and low yields of lighter fractions.  
2. To determine the composition of fiber and non-fiber fraction after sieving and air 
classification and study the effect of lighter fraction yields on compositions.  
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2.1. Importance of protein rich animal feeds 
 
 
2.1.1. Production and demand for protein rich animal feeds 
 
Soybean meal is the predominant source of plant protein for poultry and animal 
feeds. Poultry industry is the biggest user of soybean meal and in US it consumes 
approximately 54 percent of all meal produced in the country (1).  Soybean became a 
staple in poultry diets across the United States of America.  Due to the concerns in using 
animal byproducts for animal feeds, protein rich feeds derived from plants are on a rise 
(2). Therefore, the demand for protein rich plant feeds, such as soybean meal (SBM) and 
cottonseed meal (CSM) is rapidly increasing.  The nutrient composition of soybean meal 
and cottonseed meal manufactured by various processes is shown in the Table 2.1.  
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Solvent Extracted Expeller process Solvent process 
Dry matter 89% 94% 92% 
Crude Protein 48.00% 41.00% 41.50% 
Fat 1.00% 4.50% 1.50% 
Crude fiber 3.00% 12.50% 12.50% 
Neutral Detergent Fiber 
(NDF) 7.10% 26.30% 23.90% 
Calcium 0.20% 0.15% 0.15% 
Acid Detergent Fiber 5.30% 18.80% 17.50% 
Phosphorus 0.65% 1.10% 1.10% 
Total Digestible Nutrients 78.00% 72.00% 70.00% 
Net energy—Lactation 81.1 Mcal/100 lbs 76.3 Mcal/100 lbs 72.6 Mcal/100 lbs 
 
SBM = Soybean Meal, CSM = Cottonseed Meal 
 
2.2. Manufacture of various protein rich animal feeds 
 
2.2.1. Manufacture and characteristics of soybean meal 
Most U.S. soybean production facilities are using solvent extraction process (2).  
The process starts with cleaning the soybeans and approximately 9.5 percent moisture is 
maintained to loosen the hull for improved dehulling before the beans are cracked in a 
roller mills.  The hull is separated from the main fraction by aspiration.  The advantage of 
removing hull is that it improves the protein content of the meal and also lessens the total 
volume to process.  Prior to flaking the cracked soybean meats are heated to 165 ºF for 
efficient extraction (2).  Soybean flakes are conveyed into an extractor where the flakes 
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are thoroughly mixed with hexane solvent until it solubilizes the soybean lipid material.  
The soybean flakes, with the oil removal, called “spent flakes” are heated in 
desolventizer-toaster for removing any hexane that is remaining in the flakes.  Then the 
meal is dried, screened and milled in a hammer mill to produce meal of uniform size (2).  
 Soybean meal is a very good source of plant protein with a high energy and a low 
fiber.  The variation in compositional values (protein and NDF) is small among the 
soybean meal obtained from different processing plants (2).  Therefore, it is one of the 
consistent protein ingredient feeds.  The high energy and low fiber allows the nutritionists 
to develop new diets that are more efficient in the conversion of feed to meat.  The 
digestibility of amino acids in soybean meal is higher than the protein derived from other 
plant feeds (2). Therefore, the high digestibility of amino acids requires minimum protein 
from feed.  
 
2.2.2. Manufacture and characteristics of cottonseed meal 
Cottonseed meal is processed by either solvent extraction or expeller process. 
Cottonseed meal has 41 percent of protein therefore it can be used as an excellent source 
of protein.  It can be used as animal feed alone or in combination with other feeds to 
complete a balanced ration. Association of American Feed Control Officials (AAFCO) 
defined mechanically extracted cottonseed meal as the product that remains after 
remaining most of the oil from seeds. AAFCO also defined that the product obtained 
after removing most of the oil from cottonseed by solvent extraction as solvent extracted 
cottonseed meal (3).  Solvent extracted meal contains a crude protein content must not 
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less than36% and a fat content not more than 0.5%.  The fat content in mechanically 
extracted meal is 2% and must not contain less than 36% of protein content (3).  
 
2.2.3. Manufacture and characteristics of wheat middlings  
Wheat middlings (midds) is a useful feed for cattle.  Wheat midds has a low 
protein and a high fiber but this fiber is highly digestible by ruminants.  Wheat middlings 
refer to the co-product remaining after extracting flour from wheat and durum during 
milling (3). Wheat middlings include screenings, bran, germ, shorts, offal and flour 
rejects.  Crude protein content in wheat middling is typically 17 to 18% on dry matter 
basis (3).  High levels of digestible fiber, low levels of starch and digestive disturbances 
are less a concerned, which make it useful feed roughage.  
 
2.3.  Sieving and air classification 
 
2.3.1. Air classification methods 
Sieve analysis of flours demonstrates that the finer fraction has higher protein 
levels than the coarser fraction (3).  Wet processing has the disadvantages of costly 
drying processes and effluent disposal systems whereas the dry process uses the 
techniques, such as air classification, offer low cost benefits (3).  Air classification 
provides for protein displacement by separation of the high protein fine particles.  Also 
the advantage of air classification is the increased flexibility of the processor by which a 
variety of flours can be manufactured from the single seed source.  Recently, Srinivasan 
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et al (2006) was shown that the fiber separation from corn flour could be effective by the 
elusieve process, a combination of sieving and air classification (4).  
There are four basic particle separation zones in air classification devices 
gravitational-counterflow, gravitational-crossflow, and centrifugal-counterflow and 
centrifugal-crossflow zone (5).  In gravitation counterflow, the cut size of the particle 
depends up on the particle terminal velocity.  In counterflow its two dimensional, the 
separation depends on the chamber length and height besides the particle terminal 
velocity (6).  Centrifugal crossflow zone is similar to cyclones in separators therefore; the 
design principles are similar to that of cyclone separators.  In the centrifugal counterflow, 
the separation depends on the centrifugal force acting on the cut size particle in radial 
position.  
There are several types of classifiers described in the literature (7, 8).  They are 
different in separate zones, methods of feeding, variations in design and operation, such 
as arrangement of several classifying stages, creation of precise air velocity and repeated 
cleaning of fractions.  The most commonly used classifiers are gravitational, cascade, 
fluidized bed, inertial and centrifugal air classifiers.  The choice of any classifier solely 
depends on the properties of feed and technological requirements on throughput and 
cleanliness.  However, gravitational type classifiers, fluidized-bed based devices provide 
stable operation for particles with cut size ranging between 50-1000 µm (6).  
 
2.3.2. Applications of sieving and air classification techniques for animal feeds 
The applications of air classification in milling industry to produce uniform flour 
of varying chemical composition and manufacture of low-protein starches are well 
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known (9, 10).  The degree of protein shift is an indicator of protein recovered in protein 
enriched fraction from the low protein streams.  Protein shift is the percentage of protein 
shifted into the high protein fraction and out of the low protein fraction from the raw 
material.  It is expressed as the percentage of total protein initially present in the starting 
material (11).  
Protein shift produced by air classification were observed in flours from barley, 
oats, rice, potato, peas and beans Table 2.2 (4).  Air classification of various cereal grain 
flours produced by conventional milling or by fine impact milling procedures resulted in 
protein displacement to produce flours with enhanced properties for a range of 
applications (4).   
 
Table 2.2   Protein shits produced by air classification in various flours  
S.No Material Process % Protein Shift Reference 







3. Oats -- 27-32 4 
4. Rice -- 8-10 14 
5. Potato -- 22-25 15 
6. Field Peas -- 42 16 
7. Horse Beans -- 45 16 
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2.4. Elusieve process 
 
2.4.1. Elusieve process for DDGS, corn and barley 
Fiber was removed from DDGS by elutriation (17).  Material remained after 
elutriation was residual or enhanced DDGS (17).  After elutriation, the fat and protein 
content increased but NDF content decreased in enhanced DDGS.  It was recommended 
for future work that additional fiber left in the enhanced DDGS could be removed by 
adjusting elutriation parameters, such as air pressure.  
Air classification of barley flour increases the beta-glucan content (18).  The 
combination of milling, sieving and air classification increased beta-glucan content from 
6.6% in barley flour to a maximum of 12.0% on dry basis.  The dietary fiber increased 
from 18.7% in barley flour to a maximum of 47.7% comprising 0.5 wt% of original flour 
(19).  Srinivasan et al (2008) investigated fractionation of barley flour for Thoroughbred 
(hulled) and Doyce (hulless) variety.  Fractionation of barley flour was more effective for 
thoroughbred variety than Doyce (19).  The heavier fractions from aspiration of size 
fractions contained high beta-glucan, higher starch and lower NDF contents than the 
corresponding lighter fractions.  
Srinivasan et al (2008) used the Elusieve process, a combination of sieving and 
elutriation, to separate fiber from corn flour prior to fermentation (19).  It was found that 
fiber separation increases ethanol productivity in the fermenter (20).  The fiber separation 
was 3.8% by weight of the total weight of corn flour.  Ethanol produced from enhanced 
corn flour has marginally higher concentration (14.12% v/v) than corn flour (13.72% 
v/v).  The fiber purity was determined by measuring neutral detergent fiber (NDF). NDF 
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of corn flour, enhanced corn flour and fiber were 9.0, 5.7 and 61.5% respectively.  The 
low NDF in enhanced flour signifies that some fiber is removed from that fraction after 
sieving and air classification.  
 
2.4.2. Effect of physical properties on elutriation of particles 
Any particle falling under gravity accelerates and attains constant velocity and 
that velocity is called terminal velocity.  The falling particle accelerates until the upward 
force acing on it is counterbalanced by force of gravity then it falls at constant velocity. 
The particle gets air classified when the air velocity is more than the particle terminal 
velocity.  The particle gets carried away when the air velocity is more than the terminal 
velocity.  At terminal velocity the forces acting on the particle balance and acceleration 
becomes zero.  As particles fall, velocity increases until the accelerating and buoyancy 
forces become equal.  The particle at rest has zero velocity and the gravitational force on 
the particle is more than the buoyancy force.  As it accelerates, the drag forces acting in 
the upward direction increases until the forces are balanced with no further acceleration.  
Terminal velocity can be found from the relation 2.1 (21):  
             .   –                                                                   (2.1) 
 Where: 
 
ut  =   terminal velocity of the spherical particle in fluid, m/s  
ρf  =   density of fluid, kg/m
3  
ρsph  =   density of the spherical particle, kg/m
3  
13 
Dsph  =   diameter of the spherical particle, m 
Haider and Levenspeil derived the equation (2.2) to determine the terminal 
velocity of nonspherical particles (22).  
                    18.  	2.3348  1.7439.                                                                     	2.2 
Where,  
        	
  
                     	    
     u* = dimensionless particle velocity 
     d* =dimensionless particle diameter 
                         Ø = particle sphericity (ratio of surface area of a sphere having the same 
volume as the particle to the actual surface area of the particle) 
 
ut = terminal velocity of particle in fluid, m/s 
      ρf  = fluid density, kg/m3 
       g = acceleration due to gravity, = 9.81 m/s2 
       µ = fluid viscosity, kg/(m.s) 
   dsph = equivalent spherical diameter, m 
Terminal velocity is a function of shape, size and density of the particle. Spherical 
particles with larger diameter have higher terminal velocities than the ones with small 
diameters but same particle density.  The terminal velocity of spherical particles with 
higher density but same diameter is more for particles with lower density.  The terminal 
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velocity of nonspherical particles with same density and equivalent spherical diameter 
but sphere shaped is higher than the nonspherical particles that are flat shaped because 
the drag force on spherical particles is less.    
Particle density of non-fiber is less than that of fiber (23).  For example, DDGS 
fiber has particle density of 1301-1337kg/m3 and particle density of non-fiber was 1406-
1470 kg/m3 (23).  It was found that sphericity of fiber (0.19-0.47) is less than the 
sphericity of non-fiber particles (0.72-0.92) which indicates that fiber has flat shape than 
non-fiber particles (23).  The mass of fiber particles is less than the mass of non-fiber 
particles despite the high density of fiber.  The drag force acting on the fiber is more than 
the non-fiber particles due to which fiber with lower mass than smallest non fiber is 
carried over selectively at lowest air velocities. 
 
2.4.3 Economics of fiber separation and air classification 
Singh et al (2006) did the economic analysis of elusive process for DDGS by 
determining the payback period (22).  The prices of foodstuffs were determined using 
linear regression model from their dependence on protein content.  The price of any 
particular foodstuff was found by adding the price of additional protein (from slope) to 
the price of unprocessed feedstuff (22).  Price of fiber was estimated as half the price of 
corn gluten feed.  Payback period is defined as the minimum time theoretically required 
recovering the initial capital investment based on total income minus operation and other 
costs except depreciation. (24).   
While estimating the prices of enhanced DDGS the increase in demand and higher 
fat content of enhanced DDGS were not taken into account.  The price of elusieve fiber 
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was estimated to be half that of corn gluten feed but it might be higher because enhanced 
fiber has higher fat content.  The variation of crude protein in DDGS and enhanced 
DDGS were taken into account by conducting economic analysis of two different DDGS 
samples.  It was found that payback period would be 2.5-4.6 years.  All the values 
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FRACTIONATION OF SOYBEAN MEAL, COTTONSEED MEAL AND WHEAT 





The objective of the study was to evaluate the combination of sieving and air 
classification for fiber separation from soybean meal (SBM), cottonseed meal (CSM) and 
wheat middlings (WM).  Feed were sieved into size fractions and the size fractions were 
then air classified into lighter and heavier fractions.   The study evaluated whether the 
combination of sieving and air classification could increase the protein content in heavier 
fractions (non-fiber fractions) and increase the neutral detergent fiber (NDF) in lighter 
fractions (fiber fractions).   The effect of yields of lighter fractions on fiber separation 
was also investigated.  The product obtained by combining the heavier fractions is called 
“enhanced feed” and the product obtained by combining the lighter fractions is called 
“fiber product”.   Unprocessed, size fractions and air-classified fractions from all the 
feeds were analyzed for NDF, protein, fat and ash.  At low yields of lighter fraction (5%), 
the quantity of fiber separated was 3.7, 1.3 and 4.8% by weight of SBM, CSM and WM 
respectively.  At high yields of lighter fractions (15%), the quantity of fiber separated was 
8.9, 3.5 and 11% by weight of SBM, CSM and WM respectively.  Fiber purity (NDF 
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content) was higher at lower yields of lighter fractions as compared to high yields of 
lighter fraction.  For CSM and SBM, heavier fractions had higher protein contents than 
size fractions, resulting in an enhanced product that had 0.6 to 2.0% higher protein 
content than unprocessed feed.  However, fiber separation from WM was not as effective 
as for SBM and CSM since the heavier fractions of CSM still contained a substantial 




The combination of sieving and air classification was found to be effective in 
fiber separation from distillers dried grains with solubles (DDGS) (1).  Srinivasan et al. 
(2005) used elutriation as the air classification method and termed the combination of 
sieving and air classification as “elusieve” process (1).  Recently we showed that the 
Elusieve process was effective in hull (fiber) separation from hulled variety of barley 
flour (2).  Sundberg et al. (1995) found that the combination of air classification and 
stack-sieving improves the concentration of beta-glucans, starch and crude protein in 
high-fiber barley feed (3).  Also, the Elusieve process was found to be effective in fiber 
separation from corn flour (4).  The combination of sieving and air classification could 
also be useful in fiber separation from other animal feeds such as soybean meal (SBM), 
cottonseed meal (CSM) and wheat middlings (WM).  The objective of this study is to 
determine the effect of combined sieving and air-classification on fiber separation from 
various animals feeds namely, SBM, CSM and WM.  
The production of oilseeds, such as soybean and cottonseed in US was 93 million 
tons in 2008, an increase of 16% from 2007 (5).  Most of the increased oilseed production 
20 
was attributed to increased soybean production. SBM is the material that remains after 
extracting oil from soybean flakes.  Oil is extracted by either solvent extraction of ground 
flakes or by expeller process where the beans are heated and squeezed (6).  Soybean meal 
is considered a prominent source of plant protein for poultry diet. It has high protein 
content and it is the highest in energy content of all common oil seeds.  The demand for 
protein rich products is increasing.  The poultry industry itself used 54 percent of all U.S. 
soybean meal (source: National chicken council; USDA-ERS, 2006).  Therefore, there is 
a need to increase the protein and energy contents in each pound of SBM.  The high 
protein quality and consistency of nutrient content makes soybean meal a preferred 
choice over other feeds for poultry diets.  Cottonseed meal is also produced after solvent 
extraction of oil from cottonseed kernels or by mechanical extraction; most cottonseed 
meal produced in US is produced by solvent extraction (6).  Soybean meal has 48% of 
protein whereas cottonseed meal has 41%.   With 41% of protein content, cottonseed 
meal, it is an excellent source of protein for a variety of animal species.  
Wheat middlings (midds) a byproduct after extracting flour from wheat and 
durum during milling is a useful feed for cattle (7).  Wheat middlings include screenings, 
bran, germ, shorts, offal and flour rejects.  Crude protein content in wheat middling is 
typically 17 to 18% on dry matter basis (7).  High levels of digestible fiber and low levels 
of starch make wheat middlings an useful feed roughage.  
Nutritionists favor animal feeds with a high protein content that are highly 
digestible.  We have already separated the fiber from DDGS, corn flour and hulled barley 
to increase the protein content (2).  Fiber separation from these animal feeds could 
increase the bulk protein content and hence increase the value of the feed.  In this study, a 
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combination of sieving and air classification was evaluated for fiber separation from 
SBM, CSM and WM.  
 
3.3 Materials and methods 
Commercial SBM, WM and CSM (Table 3.1) were procured from a local co-op 
store (Oktibbeha county Coop, Starkville, MS, USA).  A vibro-energy sifter (Sweco, 
Model LS18S33333P1WC, KY, USA) was used for sieving.  The screens used were 10M 
(1,885 µm), 12M (1,532 µm), 14M (1,295 µm), 16M (1,130 µm), 18M (980 µm), 20M 
(864 µm), 24M (704 µm), 30M (516 µm), 35M (447 µm), 40M (381 µm), 50M (279 µm) 
and 60M (234 µm).  The letter ‘M’ in screen labels refers to market grade cloth. 
 
Table 3.1   Characteristics of unprocessed animal feed samples (%wb) 
 
Feed NDF Protein Fat Ash Moisture 
SBM 7.2 47.7 1.1 6.0 11.6 
CSM 19.9 43.9 4.3 7.0 12.1 
WM 34.7 16.9 2.8 4.2 12.3 
 
 
Air classification of size fractions was performed using a multi-aspirator system 
(Model VJ8X6, Kice, Wichita, US).  The multi-aspirator has a feeding section or a feeder 
through which the size fraction was fed, a source of suction (centrifugal fan) with damper 
control, connecting duct and a cyclone receiver/separator.  The multi-aspirator has a 
series of 4 or 6 slides running parallel to the section through which the lighter size 
fraction which qualify to be lifted were carried away by the suction air from centrifugal 
fan and collected at the outlet of receiver, and the heavier fraction with lighter fraction 
22 
slides down the feeding section into a collection drum.  In this study, the heavier fractions 
were manually fed twice into the aspirator to ensure thoroughness of aspiration.  
 
3.3.1 Experimental procedure 
About 75 kg of SBM was divided into three batches of 25 kg each (batch-1, 
batch-2 and batch-3) (Figure 3.1).  Each batch of SBM was sieved into 8 different size 
fractions sieving in a vibro-energy separator using 7 different screens.  For screening of 
material, only one screen was used in the sifter; screens were not stacked in the sifter.  
Material passed through the screen of the largest openings; the material on the top was 
named as size fraction-1.  The through was collected and fed to the sifter after replacing it 
with next biggest screen.  Likewise, the through material was sieved using each of the 7 
screens and the last was named as pan.  The material obtained in pan was not subjected to 
air classification.  The screens were chosen such that each size fraction comprised nearly 
10% (by weight) of the whole material.  The same procedure was repeated for CSM and 
WM also, except that only 6 screens were used for CSM and WM instead of 7 screens 
used for SBM.  
For SBM, all size fractions, except for the pan, were air classified in a multi-
aspirator for two different yields (5% and 15%) of lighter fraction.  The yield of lighter 
fraction was adjusted by controlling the damper in the multi-aspirator.  For CSM, all size 
fractions except for the largest and pan size fractions were air classified.  For CSM, the 
largest size fraction was not air classified because no lighter fraction was obtained by air 
classification.  For WM, all size fractions, except for the pan, were air classified.  
Samples of lighter and heavier fractions from each size fraction were finely ground in a 
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grinder (Model CBG100W, Black and Decker, Towson, MD, USA) and analyzed in a 
commercial lab (Midwest Labs, Nebraska, US) for neutral detergent fiber (NDF), protein, 
ash and moisture contents. 
 
3.3.2 Analytical tests 
 
Samples were analyzed for crude protein (AOAC 2003, Method: 990.03), crude 
fat (AOAC 2003, Method: 920.39) and ash (AOAC 2003, Method: 942.05) (8).  Neutral 
detergent fiber (NDF) content was determined by boiling a 0.5 g sample in 100 ml of 
neutral detergent (ND) and 50 µl of heat stable amylase (9).  The sample is incubated 
overnight with amylase at highest possible temperature to avoid degradation of 
hemicellulosic components in the feed (9).  Moisture content was determined using two-
stage convention oven method (Approved Method 44-18, AACC International 2000) 
(10). 
 
3.3.3 NDF separation factor 
 
The ratio of NDF% to non-NDF% of the lighter fraction to the NDF% to non-
NDF% of the heavier fraction is defined as NDF separation factor (Srinivasan et al 2005) 
and calculated as:  
α NDF= [NDF %/( 100-NDF %)] Lighter fraction / [NDF %/( 100-NDF %)] Heavier fraction.  
NDF separation factor is an indicator of the effectiveness of separation of fiber from the 





Figure 3.1   Experimental scheme for sieving and air classification of three batches of 
feeds SBM.  
 
LF=Lighter Fraction, HF=Heavier Fraction. Batch-2 &3 are also sieved and 
air classified like Batch-1. Experimental scheme for CSM and WM were 
similar to SBM, except: 1) only 7 size fractions were produced instead of 8 







3.3.4 Statistical analysis  
 All the experiments were conducted in three replicates.  Three batches of the 
enhanced SBM, CSM and WM were obtained by sieving and air classification.  Means of 
NDF, protein, fat and ash were compared by ANOVA analysis (SAS Institute, Cary, NC) 
at statistical significance level of 5% (P<0.05). 
 
3.4 Results and discussion 
In this section, the compositions of fractions are reported and discussed in dry 
basis except while comparing the unprocessed animal feeds and their products.  The 
compositions of products and unprocessed material are reported in wet basis because 
feeds are usually sold based on wet basis composition.  The moisture content of the wet 
animal feeds is around 11 to 13%.  The composition of animal feeds is shown in 
Table 3.2.  
 
Table 3.2   Characteristics of unprocessed animal feed samples (%wb)  
Feed NDF Protein Fat Ash Moisture 
SBM 7.2 47.7 1.1 6.0  11.6 
CSM 19.9 43.9 4.3 7.0  12.1 
WM 34.7 16.9 2.8 4.2  12.3 
 
    NDF – Neutral Detergent Fiber. 
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SBM has much lower NDF than the CSM and WM samples.  SBM had the 
highest protein content (53.9%) of all the animal feeds chosen for the study followed by 
CSM (49.9%), and the lowest was WM (19.2%). 
 
3.4.1 Soybean meal 
Table 3.3 shows the SBM composition and wt% of size fractions obtained after 
sieving.  The amounts of material (wt %) in the eight size fractions 10M, 12M, 16M, 
20M, 24M, 30M, 40M and pan were 21.0, 9.1, 13.5, 10.4, 9.6, 8.7, 9.8 and 18.1% 
respectively (Table 3.3).  There was no prominent difference in compositions of size 




Table 3.3   Composition and Wt% of fractions obtained by sieving SBM (%db) 
Size Wt NDF Protein Fat Ash 
Unprocessed* 100.0 8.1 53.9 1.3 6.8 
10M (>1,885 µm) 21.0 7.0b 55.8a 1.6a 6.7c 
12M 
(1,532 to 1,885 µm) 9.1 8.0
b 55.9a 1.1b 6.5c 
16M                    
(1,130 to 1,532 µm) 13.5 8.1
a,b 55.0a 1.0b 6.6c 
20M                       
(864 to 1,130 µm) 10.4 7.7
b 55.0a 1.0b 6.7c 
24M                       
(704 to 864 µm) 9.6 7.9
b 55.3a 1.0b 6.8b,c 
30M                       
(542 to 704 µm) 8.7 11.4
a 54.9a 1.2*b 6.8b,c 
40M                       
(381 to 542 µm) 9.8 9.6
a,b 54.7a 1.0b 7.1*b 
Pan (< 381 µm ) 18.1 10.6a,b 51.1b 1.3*a,b 6.8a 
 
NDF – Neutral Detergent Fiber, L-lighter fraction, H-heavier fraction. Composition 
values within each column and having same superscripted letter are not different. The 
COV’s were less than 15% for NDF, Protein, Fat and Ash. * indicates those fractions 
whose COV’s were greater than 15%. Unprocessed* SBM compositions were from one 




Air classification of SBM size fractions was effective in separating fiber as 
indicated by higher NDF in lighter fractions compared to the corresponding heavier 
fractions and the unprocessed SBM (Table 3.4).  For the 10M size fraction, the NDF 
increased from 7.0% in unprocessed SBM to 49.2% in the lighter fraction at lower yield 
(5.0%) and 18.8% at higher yield (10.8%) of lighter fraction (Table 3.4).  The moisture 
content of the heavier fraction varied from 10.7 to 11.7% and that of lighter fraction 
varied from 10.3 to 11.6%. 
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L H L  H  L  H  
10M                  
(>1,885 
µm) 
0.0 -- 7.0b,c -- -- 55.8a -- 1.6a -- 6.7a 
5.0 49.2*a 5.5c 16.6 25.2*c 56.3a 0.5*b 0.9a,b 5.5*b 6.8a 
10.8 18.8b 7.1b,c 3.0 45.7b 56.9a 0.9*b 1.0a,b 5.8b 7.0a 
12M    
(1,532 to 
1,885 µm) 
0.0 -- 8.0c -- -- 55.9a -- 1.1a -- 6.5b 
3.6 63.2a 5.4c 29.9 14.2c 55.9a 0.2*d 0.8b 5.1d 6.8a,b 
9.7 25.4b 5.3c 6.1 43.0b 57.1a 1.0b 0.9b 6.2a 6.8a 
16M                    
(1,130 to 
1,532 µm) 
0.0 -- 8.1c -- -- 55.0b -- 1.0a,b -- 6.6a,b 
3.4 65.5a 5.6d 31.9 13.3d 56.4a,b 0.2*c 0.8b 5.2c 7.6*a 
7.0 15.7b 5.0d 3.6 49.7c 57.4a 1.1a 1.0a,b 6.3b 7.0a,b 
20M                      
(864 to 
1,130 µm) 
0.0 -- 7.7c -- -- 55.3a -- 1.0a,b -- 6.7a,b 
4.3 56.9*a 6.6c 18.8 19.4*c 56.5a 0.3*c 0.8*b 5.4*c 6.8a,b 
11.0 26.1b 5.3c 6.4 40.7b 57.4a 1.2*a 0.8b 6.4b 7.1a 
24M           
(704 to 864 
µm) 
0.0 -- 7.9c -- -- 55.3a -- 1.0a -- 6.8b 
4.9 59.5a 5.9c 23.2 17.9c 56.2a 0.2*b 0.9a 5.3d 7.0a,b 
12.0 26.9*b 5.6c 6.2 42.3b 57.6a 1.0*a 0.8*a 6.3c 7.0a 
30M                       
(542 to 704 
µm) 
0.0 -- 11.4a,b -- -- 54.9a,b -- 1.2a -- 6.8a 
5.9 28.9*a 6.3b 6.0 39.8*c 57.1a 1.0*a 0.9a 6.5*a 6.9a 
17.4 26.8*a 5.6b 6.2 41.7*b,c 56.8a 0.9*a 0.8a 6.2*a 6.9a 
40M                       
(381 to 542 
µm) 
0.0 -- 9.6c -- -- 54.7a -- 1.0ab -- 7.1a 
4.7 36.2a 7.1*d 7.5 33.0c 55.9a 0.9*b 0.9b 6.0c 7.3a 
10.4 21.6b 6.0d 4.3 46.3b 55.4a 1.3a 1.0b 6.4b 7.2a 
 
NDF – Neutral Detergent Fiber, L-lighter fraction, H-heavier fraction. Composition 
values within each size fraction and having same superscripted letter are not different. 
Values at 0.0% yield indicate composition of size fraction. COV’s of wt% NDF, Protein, 
Fat and Ash were less than 15, 10, 15 and 5% respectively. * indicates those fractions 




At lower lighter fraction yield, protein contents in heavier fractions were equal to 
or higher than that of size fractions.  At higher lighter fraction yields, protein contents of 
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heavier fractions were higher than that of size fraction. Lighter fractions had a lower fat 
content at low yields than that size fractions and same fat content as size fractions at 
higher yield of lighter fractions.  The fat content of heavier fractions remained same as 
that of size fractions; no trend was observed at low and high yields of lighter fraction.  
Thus, lighter fraction had lower protein, lower fat and higher NDF than their 
corresponding size fractions.  The heavier fraction had higher protein, higher fat and 
lower NDF than their corresponding size fractions.  Increase in lighter fraction yield 
increased protein content in heavier fraction but NDF separation factor decreased and 
NDF of lighter fraction decreased.  These trends are similar to those observed for DDGS 
by Srinivasan et al. (2005) (1).  
 
Table 3.5   Composition of products from processing of SBM with low lighter fraction 
yields (5%) in air classification (% wb) 
 
Product Wt NDF Protein Fat Ash 
Unprocessed 
SBM 100.0 7.2 47.7 1.1 6.0 
Fiber 3.7 44.7 21.5 0.5 5.0 
En SBM 96.3 6.1 49.1 0.8 6.7 
 
NDF – Neutral Detergent Fiber, En-Enhanced. 
 
 
The overall fiber separation from SBM and the composition of the final products 
i.e. fiber and enhanced SBM, at low yield of lighter fraction, are reported in Table 3.5. 
The compositions of fiber and enhanced SBM in Table 3.5 and 3.6 were calculated from 
Tables 3.3 and 3.4.  The combination of sieving and air classification with low yield 
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resulted in 3.7% of fiber being separated from SBM and NDF increased from 7.2% in 
unprocessed SBM to 44.7% in the fiber product (Table 3.5).  An increase of protein 
content by 1.4% points in enhanced SBM and lower protein content in separated fiber 
indicate that combination of sieving and air-classification was effective in enhancing 
protein content of SBM.  
 
Table 3.6   Composition of products from processing of SBM with high lighter fraction yields  
(15%) in air classification (% wb) 
 
Product Wt NDF Protein Fat Ash 
Unprocessed SBM 100.0 7.2 47.7 1.1 6.0 
Fiber 8.9 20.3 39.3 0.9 5.5 
En SBM 91.1 6.0 49.7 0.9 6.7 
 




Table 3.6 gives the cumulative composition of products from processing SBM at 
high yields of lighter fraction.  Fiber product was of higher quantity (8.9%) at higher 
yield of lighter fraction compared to the low yield of lighter fraction (3.7%) but at the 
cost of fiber purity.  Lower NDF (20.3%) in fiber indicates that more non-fiber was 
carried over along with fiber at high yield of lighter fraction.  The protein in fiber (39.3% 
w/w) is also higher for high yields of lighter fraction compared to the fiber obtained at 




3.4.2 Cottonseed meal  
For CSM, it was found that sieving alone resulted in two size fractions 40M and 
pan that had lower NDF and higher protein contents than unprocessed CSM (Table 3.7).  
Protein content increased in all the size fractions where NDF increased.  The amount of 
material (wt %) in seven size fractions 10M, 12M, 16M, 20M, 30M, 40M and pan were 
21.8, 9.4, 14.1, 10.8, 15.0, 10.2 and 18.8% respectively.  The pan and 10M size fractions 
were not subjected to air classification.  Air classification of SBM size fractions was 
effective in separating fiber as indicated by higher NDF in lighter fractions compared to 
the corresponding heavier fractions and the unprocessed CSM (Table 3.8).  For 12M size 
fraction, the NDF increased from 27.8% in unprocessed CSM to 69.6% in the lighter 
fraction at lower yield (4.1%) and 66.7% at higher yield (9.2%) of lighter fraction (Table 
3.8).  At low yields of lighter fraction, NDF separation factor was 6.6 for 12M size 
fraction and gradually decreased through the size fractions from 3.9 (16M) to 1.0(30M & 
40M). NDF separation factors were low (1.0 to 1.1) for 30M and 40M size fractions, 
indicating that fiber separation was less effective for these two size fractions (Table 3.8).  
NDF separation factors were lower at higher lighter fraction yields than at lower lighter 
fraction yields.  The NDF of heavier fractions were lower or same as respective size 
fractions.  
At higher lighter fraction yields, the protein contents of lighter fractions were 
lower than protein content of corresponding heavier fractions and size fractions, except 
for 40M size fraction.  For example, the protein content in lighter fractions of 12M, 16M, 
20M and 30M at high yields were lower than their heavier fractions and corresponding 
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size fractions.  At a lower lighter fraction yield, the protein content in heavier fractions 
were higher than or remained the same as that of protein content of size fractions.  
 
Table 3.7   Composition and Wt% of fractions obtained by sieving Cottonseed Meal   
(CSM) (%db) 
 
Size Wt NDF Protein Fat Ash 
Unprocessed 100.0 22.6d,e 49.9b 4.9c 8.0c 
10M (>1,885 µm) 21.8 25.1c,d 46.5c 3.2f 7.3d,e 
12M (1,532 to 1,885 µm) 9.4 27.8b,c 45.5c,d 3.6e 6.9f 
16M (1,130 to 1,532 µm) 14.1 31.3a 43.9d 3.7e 7.2d,e,f 
20M (864 to 1,130 µm) 10.8 30.2a,b 46.1c,d 3.8e 7.2e,f 
30M (542 to 864 µm) 15.0 20.2e 50.0b 4.5d 7.5d 
40M (381 to 542 µm) 10.2 13.3f 55.3a 5.8b 8.4b 
Pan (<381 µm) 18.8 11.0f 55.9a 6.4a 9.2a 
 
NDF – Neutral Detergent Fiber, L-lighter fraction, H-heavier fraction. Composition 
values within each column and having same superscripted letter are not different. Values 
at 0.0% yield indicate composition of size fraction. The COV’s were less than 15% for 





Lighter fractions had lower fat content at low and high yields of lighter fraction 
than size fractions for 12M and 16M.  The fat content of heavier fractions remained same 
as that of size fractions for 20M, 30M and 40M; no trend was observed at low and high 
yields of lighter fraction.  For 30M, the fat content was higher in lighter fraction than the 
heavier and corresponding size fractions.  The moisture content of heavier fractions 
varied from 10.8 to 12.5% and that of lighter fraction varied from 10.9 to 12.8%. 
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Thus, fiber separation was more effective for 12M, 16M and 20M size fractions 
compared to 30M and 40M size fractions.  Therefore, air classification of 30M and 40M 
size fractions was not incorporated in calculation of compositions of products in Tables 
3.9 and 3.10.  Trends in compositions with respect to lighter fraction yield were similar to 
those observed for SBM and DDGS (1).   
The overall fiber separation from CSM and the composition of the final products 
i.e. fiber and enhanced CSM, at low yield of lighter fraction, are reported in Table 3.9. 
The compositions of fiber and enhanced CSM in Table 3.9 and 3.10 were calculated from 
Tables 3.7 and 3.8.  The combination of sieving and air classification with low yield 
resulted in 1.3% of fiber being separated from CSM and NDF increased from 19.9% in 
unprocessed CSM to 53.5% in the fiber product (Table 3.9).   Fiber separated for low 
yields of lighter fraction was only 1.3% and very less compared to SBM.  The NDF of 
fiber is high compared to unprocessed CSM but the value didn’t vary much for enhanced 








































































































































































































































































































    
    
    
    













































































    
    
    
    

















































































    
    
    
    
    











































































    
    
    
    
  















































































Table 3.9   Composition of products from processing of CSM with low lighter fraction 
yields (5%) in air classification (%wb).  
 
Product Wt NDF Protein Fat Ash 
Unprocessed CSM 100.0 19.9 43.9 4.3 7.0 
Fiber 1.3 53.5 19.0 2.4 4.2 
En CSM 98.7 20.2 44.5 4.1 7.3 
 
NDF – Neutral Detergent Fiber, En-Enhanced. For calculations of products from 
CSM, unlike SBM, it was assumed that the 30M and 40M size fractions will not 




Table 3.10  Composition of products from processing of CSM with high lighter fraction 
yields (15%) in air classification (%wb).  
 
Product Wt NDF Protein Fat Ash 
Unprocessed CSM 100.0 19.9 43.9 4.3 7.0 
Fiber 3.5 49.4 22.1 2.4 4.2 
En CSM 96.5 19.0 44.5 4.0 7.2 
 
NDF – Neutral Detergent Fiber, En-Enhanced. For calculations of products from 
CSM, unlike SBM, it was assumed that the 30M and 40M size fractions will not 
be air classified because separation factors for these two fractions were low.   
 
 
Fiber products’ quantity was higher, 3.5% by weight of unprocessed CSM, 
at high yields of lighter fraction.  The NDF increased from 19.9% of unprocessed 
CSM to 49.4% in fiber and the protein decreased to 22.1% in fiber from 43.9% in 
unprocessed CSM.  In enhanced CSM the protein content increased was minimal 
but the low NDF in fiber implies that fiber separation was effective at high yields 
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of lighter fraction.  There is a slight decrease in fat and ash content of fiber and 
remained constant in enhanced CSM.  
 
3.4.3 Wheat middlings 
 
Table 3.11 shows the WM composition and wt% of size fractions obtained after 
sieving.  The amount of material (wt%) in seven size fractions 12M, 16M, 20M, 24M, 
30M, 35M and pan were 11.4, 10.9, 14.6, 15.4, 8.8, 11.6 and 27.3% respectively (Table 
3.11).  Sieving of WM resulted in the change of NDF and protein content of size fractions 
but there was no particular trend.  
Air classification of WM resulted in an increase of NDF in lighter fractions at 
high and low yields of lighter fractions compared to their corresponding heavier fractions 
and the unprocessed WM (Table 3.12).  In general, NDF separation factors were lower 
for WM compared to CSM and SBM.  At low yields of lighter fractions, NDF separation 
factor was higher (>1.3) and increased to 2.1 for 24M, 30M and 35M.  There was a 
marginal decrease in NDF in heavier fractions at high and low yields of lighter fractions 
except for 30M and40M.  The protein contents in lighter fractions were marginally lower 
than protein content of corresponding heavier fraction and corresponding size fractions. 
At lower lighter fraction yields, the decrease in protein content from size fraction to the 
lighter fraction was more prominent for 12M, 16M, 20M, 24M, 30M and 35M lighter 
fractions.  
 
At higher yields, protein contents in lighter fraction were lower compared to 
unprocessed WM, but were higher than protein contents in low yield lighter fractions.  At 
lower lighter fraction yields, protein contents in heavier fractions were either higher or 
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remained same as protein content of size fractions except for 12M where it slightly 
decreased (Table 3.12).  At higher lighter fraction yields, protein contents of heavier 
fractions were lower than the protein content of corresponding size fractions.  At low 
lighter fraction yields, fat contents of lighter fractions were lower than that of 
corresponding size fractions.  At higher lighter fraction yields, fat contents of higher 
fractions were either decreased or remained same as size fractions.  No trend was 




Table 3.11 Composition and Wt% of fractions obtained by sieving Wheat Middlings 
(WM) (%db) 
 
Size Wt NDF Protein Fat Ash 
Unprocessed 100.0 39.6a 19.2c 3.1a 3.1b 
12M (>1,532 µm) 11.4 42.9a 19.0b 3.3a 5.7a 
16M                    
(1,130 to 1,532 µm) 10.9 42.6
a 19.7b,c 3.2a 5.6a 
20M                       
(864 to 1,130 µm) 14.6 39.3
a 20.5a,b 3.5a 5.3a,b 
24M                      
(704 to 864 µm) 15.4 39.8
a 20.0a,b,c 3.3*a 5.4a 
30M                      
(542 to 704 µm) 8.8 42.8
a 19.1c 3.8a 5.3a,b 
35M                     
(447 to 542 µm) 11.6 40.0
a 19.8b,c 3.7a 4.7b 
Pan                      
(<447 µm) 27.3 29.7
b 20.9a 3.3a 4.0c 
 
NDF – Neutral Detergent Fiber, L-lighter fraction, H-heavier fraction. Composition 
values within each column and having same superscripted letter are not different. Values 
at 0.0% yield indicate composition of size fraction. The COV’s were less than 15% for 























































































    
    
    
    











































































    
    
    
    















































































    
    
    
    
















































































    
    
    
    












































































    
    
    
    












































































    
    
    
    






























































































































































































































Thus, lighter fraction had lower protein, lower fat and higher NDF than their 
corresponding size fractions.  For heavier fractions, no trend was observed for protein 
content but NDF increased at higher and lower yields of lighter fractions except at lower 
yields of 30M and 35M.  Trends in compositions for WM fractions with respect to lighter 
fraction yields were similar to those observed for SBM and CSM, but NDF separation 
factors were lower for WM than for SBM and CSM. 
 
Table 3.13   Composition of products from processing of WM with low lighter fraction 
yields (5%) in air classification (%wb) 
 
Product Wt NDF Protein Fat Ash 
Unprocessed WM 100.0 34.7 16.9 2.7 4.2 
Fiber 4.8 52.0 11.3 1.8 4.5 
En WM 95.2 35.8 17.7 2.8 4.7 
 
NDF – Neutral Detergent Fiber, En-Enhanced. 
 
Wheat middlings do not fall into the category of high protein animal feeds but it 
has significant amount of fiber.  The combination of sieving and air classification did 
separate fiber, but there is still a high amount of NDF that remains in enhanced fractions. 
The overall fiber separation from WM and the composition of the final products i.e. fiber 
and enhanced WM, at low and high yields of lighter fraction, are reported in Tables 3.13 
and 3.14.  The compositions of fiber and enhanced SBM in Tables 3.13 and 3.14 were 
calculated from Tables 3.11 and 3.12.  The combination of sieving and air classification 
with low yield resulted in 4.8%, by weight of fiber being separated from WM and NDF 
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increased from 34.7% in unprocessed WM to 52.0% in the fiber product (Table 3.13).  At 
higher yield of lighter fraction, fiber product was higher (11.0% by weight) compared to 
the low yield of lighter fraction but at the cost of fiber purity (NDF content); lower NDF 
(47.9%) in fiber indicates that more non-fiber was carried over along with fiber (Table 
3.14).  For WM, protein content increased by only 0.2 to 0.7% points compared to 1.4% 
points in enhanced SBM (Tables 3.13 and 3.14).  
 
Table 3.14   Composition of products from processing of WM with high lighter fraction 
yields (15%) in air classification (%wb) 
 
Product Wt NDF Protein Fat Ash 
Unprocessed WM 100.0 34.7 16.9 2.7 4.2 
Fiber 11.0 47.9 14.0 2.3 5.0 
En WM 89.0 36.6 17.1 2.7 5.0 
 





In this study, the combination of sieving and air-classification was evaluated for 
fiber separation from SBM, CSM and WM.  The experiments were conducted to separate 
fiber at different yields of lighter fractions.  At low yields of lighter fraction (5% yields), 
the quantities of the fiber separated were 3.7, 1.3 and 4.8% by weight of SBM, CSM and 
WM, respectively.  At high yields of lighter fractions (15% yields), the quantity is of 
fiber separated were 8.9, 3.5 and 11% by weight of SBM, CSM and WM, respectively.  
Fiber purity (NDF content) was higher at lower yields of lighter fractions as compared 
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with that at high yields of lighter fraction.  For CSM and SBM, heavier fractions had 
higher protein contents than that of size fractions. The enhanced product had 0.6 to 2.0% 
points of higher protein content than unprocessed feed.  However, fiber separation from 
WM was not as effective as that of SBM and CSM, since the heavier fractions of WM 
had significant amount of fiber remaining even after sieving and air classification.   
The protein content in the enhanced SBM was higher at high yields of lighter 
fraction than that at low yields however, it increased in the fiber product.  There was 
marginal change in protein content by changing yield of lighter fraction but the fiber 
purity was high at low yield of lighter fractions.  Separation factors of WM size fractions 
were very low and there was a substantial amount of fiber remaining in the heavier 
fractions even after sieving and air classification.  The technique of sieving and air-
classification was effective in separating fiber from SBM and CSM and not as effective 
for the WM.  For WM, protein content was increased by only 0.2 to 0.7% compared to 
0.6 to 2.0% for SBM and CSM. 
Future studies on nutritional characteristics of enhanced SBM and enhanced CSM 
for poultry, swine, and pets need to be pursued.  Research on utilization of fiber products 
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 Economic analysis was conducted to determine the payback period of combined 
sieving and aspiration of animal feeds.   The economic study was conducted for soybean 
meal (SBM), cottonseed meal (CSM) and wheat middlings (WM) based on low and high 
yields of lighter fractions i.e. 5 and 15% respectively.  Sieving and aspiration of soybean 
meal increased the protein content from 47.7 to 49.1 percent and the NDF decreased from 
7.2 to 6.1 percent at low yield (5%) of lighter fraction and at high yield (15%) of lighter 
fraction the protein content increased from 47.7 to 49.7 percent and the neutral detergent 
fiber (NDF) decreased from 7.2 to 6.0 percent.  In cottonseed meal, the protein content 
increased from 43.9 to 44.5 percent and at high yield (15%) of lighter fraction the protein 
content increased from 43.9 to 44.5 percent and the neutral detergent fiber (NDF) 
decreased from 19.9 to 19.0 percent.  For wheat middlings, the protein content increased 
from 16.9 to 17.7 percent at low yield (5%) of lighter fraction and at high yield (15%) of 




4.1 Estimation of animal foodstuff prices based on protein content using 
regression model 
 The dependence of price of animal feeds on their protein content ($/protein) was 
determined from the market prices of wheat middlings (17% protein), corn gluten feed 
(21% protein), distillers dried grains with solubles (25% protein), sunflower meal (35% 
protein), cottonseed meal (41% protein), soybean meal (48% protein) and corn gluten 
meal (60% protein) was obtained from University of Missouri Extension (1).  The 
increase in price of feed per % point increase in protein content was $6.81 (Fig. 4.1). The 
R2 value was found to be 0.81.  The price of enhanced animal feeds was calculated as the 
sum of the price of the animal feed and the price increase due to increase in protein 




Fig. 4.1   Dependence of animal feed prices on protein content based on prices of WM, 




















Table 4.1   Prices and protein content of unprocessed and enhanced SBM, CSM and WM. 
Feed Yield 
(%) 
Enhanced Feed Unprocessed Feed 
Protein (%) Price ($/ton) Protein (%) Price ($/ton) 
SBM 5 49.1 334 
47.7 325   15 49.7 338 
CSM 5 44.5 303 
43.9 299   15 44.5 303 
WM 5 17.7 121 
16.9 115   15 17.1 116 
 
 
The animal feed prices were determined from the linear regression equation 
(Table. 4.1).  The increase in prices of enhanced SBM, CSM and WM was found to be 
$9, 4 and 6/ton for low yields of lighter fraction based on the increase of protein content 
of 1.4, 0.6 and 0.8% respectively.  At high yields of lighter fraction, the increase in prices 
of enhanced SBM, CSM and WM was found to be $13, 4 and 1/ton respectively based on 
the increase of protein content of 2.0, 0.6 and 0.2% respectively.   
 
 
4.2 Estimation of capital investment, operation cost and payback period 
 The processing rate of feed was assumed to be 20 tons/day (40,000 lbs/day) and 
the hours of processing were taken to be 8 hrs per day.  One sifter with a capacity of 
5000lb/hr would be used to separate the feed into four size fractions.  The throughput 
from the smaller screen will not be aspirated therefore, three aspirators are required with 
each having a capacity of 1,250 lb/hr.  The cost of the sifter in year 2006 was available 
from literature (2).  The cost of the sifter was estimated from the cost indices of years 
2006 and 2009.  The equipment used in the current study is smaller than the one in the 
literature so the prices are estimated accordingly by six-tenths factor rule (3).  The cost of 
sifter with capacity 5,000 lb/hr was found to be $49,281.  Aspirator price for capacity of 
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1,250 lb/hr was $10,000, which was obtained from a manufacturer.  The total cost of the 
equipment is calculated is $78,281 (Table 4.2). 
 
Table 4.2   Equipment and operation costs for implementing sieving and air 
classification.   
 
Type of equipment Sifter Aspirator 
Capacity 5,000lb/hr 1250lb/hr 
Units required for normal 
operation 1 3 
Units required for standby 
operation 0 0 
Total units required 1 3 
Purchase cost per unit $49,902 $10,000 
Purchase cost per plant $49,902 $30,000 
Motor rating per unit 0.746 kW (1 hp) 0.746 kW (1 hp) 
Energy consumption 0.746 kW (1 hp) 2.238 kW (3 hp) 
Energy cost @ $0.09/kWh $161/year $483/year 
 




 The total capital investment is estimated as3.25 times the cost of the purchased 
equipment (3).  Total capital investment was $257,662.  The sifter is operated by a 0.746 
kW (1 hp) motor and each aspirator has 0.746 kW (1 hp) motor.  Energy costs to operate 
the sifter and three aspirators at $0.09/kWh are $645.  Cost of man power and energy 
costs constitutes the operating costs.  Only one person is needed to start the sifter and 
aspirator working 1 hour per day charging $20 per day since the whole system runs on its 
own.  The total operating cost is $6,645 per year (300 days).  Increase in revenue was 
calculated from subtracting the total cost of unprocessed animal feed from the sum of 
revenues from enhanced feed and fiber products.  For example, the increase in revenue 
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 Payback period is the theoretical time required to recover the capital investment 
as profit after subtracting operating costs from total income except depreciation (3).  The 
formula to calculate the payback period is as follows (3).  
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The revenue increase and payback period for SBM, CSM and WM are calculated and 
reported in Table 4.3.  
 



















5 14,018 33.5 1.5 3.7 
15 -24,342 Not Applicable 
3.6 8.9 
CSM 
5 17,333 23.4 0.8 1.3 
15 -7,847 Not Applicable 
2.1 3.5 
WM 5 
32,847 9.7 4.8 4.8 
15 11,233 52.5 11.4 11.0 
 
The interest and depreciation effects were not taken into consideration while 
calculating the payback period.  The payback period of SBM at low yields of lighter 
fraction is 33.5 years which means it takes that many years to get the investment back 
after considering the operating costs.  The revenue increase for SBM at high yield is 
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negative which means there will be no profit by processing SBM for 15% yield of lighter 
fraction.  Revenue increase is negative because of relatively low enhanced feed (91.1%) 
obtained at high yield compared to the enhanced feed (96.3%) at low yield. At low yield, 
the payback period of CSM was 23.4 years.  The revenue increase for CSM at high yield 
was negative due to marginally lesser enhanced feed (95.5%) obtained compared to the 
enhanced feed (98.7%) at low yield.  SBM and CSM have long payback periods at low 
yields of lighter fraction while WM has the shortest payback period (9.7 years) at low 
yield of lighter fraction. 
 








$125/ton $150/ton $200/ton $250/ton 
SBM 5 
33.5 19.5 10.6 7.3 
15 -8.4 -14.9 27.5 7.1 
CSM 5 
23.4 19.9 15.3 12.4 
15 -18.2 -28.9 16.3 21.3 
WM 5 
9.7 7.6 5.4 4.1 
15 52.5 12.0 4.7 2.9 
 
While calculating the revenue per year and payback periods the fiber price was 
assumed to be that of soy hulls i.e. $125/ton. We did not take into consideration the 
increase in fiber value from the valuable products produced out of it. Therefore, we 
assumed the price of fiber could be $150, 200 and 250/ton after producing valuable 
products from it.   We got different payback periods for different values of fiber and all 
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those values were tabulated (Table 4.4).  There are no negative payback periods when the 
price of fiber is $200 and 250/ton.  
 
4.3 Conclusions 
Considering that the payback period is long (more than 9 years) for fiber 
separation from animal feeds, it is important to increase value of fiber product in order to 
improve the economics.  Production of valuable products, such as polymer composites 
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CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Summary and conclusions 
 It was shown that fiber can be separated from soybean meal (SBM), cottonseed 
meal (CSM) and wheat middlings (WM) by sieving and air classification to produce 
enhanced SBM, CSM and WM. For SBM, the combination of sieving and air 
classification with low yield resulted in 3.7% of fiber product being separated from SBM 
and NDF increased from 7.2% in unprocessed SBM to 44.7% in the fiber product.  The 
fiber product separated was 8.9% at high yield and NDF was 20.3% in fiber product.  For 
CSM, at low yield of lighter fraction 1.3% of fiber product was separated and NDF 
increased from 19.9% in unprocessed CSM to 53.5% in the fiber product.  At high yield, 
the fiber product separated from CSM was 3.5% and NDF was 49.4% in fiber product.  
For WM, the fiber product separated was 4.8% and NDF was 52% at low yield of lighter 
fraction.  At high yield, the fiber product separated from WM was 11% and the NDF 
content of fiber product was 47.9%.  For SBM, the protein content increased by 1.4% 
points in enhanced SBM at low yield of lighter fraction and at high yields it was 2% 
points. The increase in protein content for CSM was the same i.e. 0.6% at low and high 
yields of lighter fraction.  For wheat middlings, the protein content increased marginally 
by 0.2% at high yield and 0.7% for low yield of lighter fraction.  
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 From the economic analysis, it was found that after sieving and air classification 
the increase in price of SBM, CSM and WM was $10, 4 and 5/ton, respectively, at low 
yield of lighter fraction.  At high yield of lighter fraction, the increase was $14, 4 and 
1/ton for SBM, CSM and WM, respectively. The demand for protein rich plant feeds is 
increasing in poultry industry.  A $10-14 increase in price per ton of soybean meal is 
significant considering the huge volume of meal consumed by poultry industry across 
U.S.  CSM comes next to SBM as plant protein feed and also in terms of consumption.  
Combined sieving and air classification can increase the cost of CSM by $4/ton and is 
significant because of its application as an excellent source of protein for variety of 
animal species. Combined sieving and air classification was not very useful in separating 
fiber from wheat middlings.  Even after fiber separation, WM still has significant amount 
of fiber (NDF) remaining in the enhanced fraction. Considering that the payback period is 
long (more than 9 years) for fiber separation from animal feeds, it is important to increase 
value of fiber product in order to improve the economics.  Production of valuable 
products, such as polymer composites and corn fiber gum, from fiber would increase 
revenues drastically and thus decrease payback period. 
 
5.2 Recommendations 
 In the current study, separation of fiber from SBM, CSM and WM was evaluated.  
Fiber separation of other animal feeds, such as sunflower meal and alfalfa meal, by 
combined sieving and aspiration, needs to be evaluated.  Fiber separation from WM was 
not as effective as SBM or CSM. In the economic analysis, the payback period of CSM at 
high yields was negative because the revenue obtained from fiber product was low due to 
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the low value of fiber product.  Research could be done to produce addition products 
from the fiber product to increase the revenue from Elusieve processing.  Sieving alone 
increases the protein content in CSM size fractions and also particles larger than 10M 
size tend to form fiber when they are finely grounded. Considering this observation future 
work can be done on increasing protein content by removing fiber from milled 10M size 
fraction of CSM. Other directions for future work might be to study the physical 
properties of the fiber from SBM, CSM and WM to obtain an understanding of the 
working principle of fiber separation from these feeds.   
